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Preface

TheU.S.Depart ment of Buddng Techgology Offide BEQD), a part of the

Office of Energy Efficiency and Renewable Energy (EERE) engaged Navigant Condalting
(Navigant)to develop this research and development (R&D) roadmap for water heating

technologies. The initiativesedtified in thisreportare Nai gant 6 s r ecBT@mendat i
for pursuing in an effort to achieve DOEOG6s en
does not guarantee funding; water heating initiatives must be evaluated in the context of all

potental activities thatBTO could undertake to achieve their goals.

BTO also manages the residential appliance and commercial equipment standards program;
however these activities are separaks.part ofthe standardgrogram, there are currently
ongoingtest procedure and standards rulemakings for residential and commercial water heating
To maintain the separation between emerging technologies activities and appliance standards
activities, and to prevent undesirable interaction between the two, tHimapadoes not cover
the following topics:

» Test procedures for residential and commercial water heaters

» Energy efficiency descriptors

» Efficiency standards levels

» Grid-enabled water heating technologies
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Ex ec uStuimmea r y

TheU.SDepart ment of Energybés (DOE) Building Tecl
of Energy Efficiency and Renewable Enef(@ERE)works with researchers and industry to

develop and deploy technologies that can substantially reduceyeoagumption in residential

and commercial buildings. BTO aims to reduce buildiglgtedprimaryenergy consumption by

50% by the year 2030elative to 2010 consumption. Specifically fater heatingBTO

identified primary energy savings targetsl&P6 by 2020 and 37% by 2030.

Thisroadmamims toa d v a n ¢ eeneBgy L2@nggoak by identifyingresearch and
developmentR&D) initiativesfor high efficiency water heating technologies that can be
deployed in the marketplace within 5 years.

BTO R&D focuses on innovative initiatives that accelerate development of technologies. This
includes those initiatives that produce nam improvementsas well as those that advance
development of nexgeneration or transformational technologies.

This roalmap does not address early stage science research that is more suitable for the Office of
Science, or latstage market development activities that may be more suitable for industry or for
the commercial or residential building integration teams (sepfcatethe emerging

technologies group) withiBTO.

To gather stakeholder input for this roadmBpO conducted on®n-one interviews and held a
stakeholder forum on January,2®14 Stakeholders provided more than 40 unique ideas for
initiatives, andn addition, voiced support for many overarching themes in water heating R&D,
including:

1 Simple andlow-cost solutions
1 Installerfocused and endserfocused designs

1 Systemwide perspective that reflects understanding of the water/energy nexus

After characterizing and analyzing each initiatiB& O developed a prioritized list using a
multivariate analysis with both qualitative and quantitative metfiedle ES1 shows the

resulting tier 1 priority initiatives. They include batltectimpact initiatives which address
specific technical innovations to provide energy savings, as wellasing initiativeswhich
indirectly aid improvements in energy iefency via supplementrary technologies, processes, or
knowledge advances.

ExecutiveSummary v
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Table ES.: Tier 1 Priority Water Heating R&D Initiatives

Type Initiative/Activity

Directimpact Support late stage development and commercializatbgasfired absorption HPWH

Support research and commercialization efforts for residessitale thermoelectric
HPWH

Develop smart controls for water heating and integrate WH into smart building co
systems

Establish a research program to conducttesed studies on energy and water use

Directimpact

Directimpact

Enabling impacts of different system architectures on water use and WH energy consumpt
Enabling CO_anCt largescale field studies mapping hot water and WH energy consumption
buildings
. Research advanced manufacturing technigues and components foeffestive CQ
Enabling HPWH

The report that follows provides detailed background on currem Bigorts in water heating,

discussionoBTO6s overall approach to water heat.i

priority initiatives. The report is organized as follows:
1. Introduction/Background 1 objectivesBTO role and current R&D
2. Approachi R&D roadmap development process steps
3. Market Overview T current state of technology and the water heating market
4

R&D Roadmap i detailed discussion of tier 1 and tier 2 initiatives, as well as general

discussion of themes; tier 1 initiative discussionudel discussion of technical and
market barriers, timelines and milestones, and stakeholder roles.

vi ExecutiveSummary
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1 Introducti on

1.1 Background

1.1.1 BTORole

BTO works with researchers and industry to develop and deploy technologies that can

substantially reduce energy consumption in residential and commercial buil@h@saims to

reduce buildingelated energy consumption by 50% by the year 2@8ative to 2Q0

consumption Figurel-1 shows the breakdown of buildirrglated energy savings potential by

end use as determined BYO. The baseline data (shown as a solid blaw) represents the

EI Abs projected energy consumpti onBTOmns buil di n
projectedportion that can be offset through the use of emerging energy saving technfadogies

each eneuse.

Emerging Technology-Enabled Cost-Effective Energy Savings
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Figurel-1: Energy Savings Potential Relative to EIA Annual Energy Outlook (AEO)

As part of the 50% target primary energy savings relative to 2010 consunifioras
identifiedwaterheatingspecific primary energy savings targetsluding: 19% in the nederm
(2020) and 37% in the loAgrm (2030)" Assuming 40 quads of total annual primary energy
consumption in the United States, 9% of which is for water hed@itfg§.constitutes

approximatéy 1.3 quads oprimaryenergy savingper year (3.3% of total energy consumption).
Figurel-2 details these calculations.

!BTO6s target savings g e mewl.adre.energy.gowbnilings/technolagiesindexehiBpeeific a t :
breakdown by endise basednslide 3 of a presentation by Pat Phalen, Emerging Technologies program maAagéf?2,
2014 Accessed September 2, 20&dergy.gov/sites/prod/files/2014/05/f15/BTO_PeerReview ET_Overview_042214.pdf
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Identified Savings

Potential ~ 37%

U.S. Building Annual Primary Energy Use in Buildings
Primary Energy Use =
40 Quads

Space

Primary Energy Use HSeZi?:g Coaliing
Impacted by WH = 23% L
9% Lighting
14%
National Savings o~
Potential = Heatiry
Wet ’ \ 9%
Cleaning ¥,
3.3% (~1.3 Quads/Year) 3% Cog(l;ing Refrigeration
° 6%
C0m3po;:ters Vemz!;tlon Electronics

6%

Source: Buildings Energy Data Book tables 1.1.1and 1.1.4. Savings estimated based on DOE Prioritization tool analysis.

Figurel-2: Energy Savings Rartial for Water Heating

The Energy Information Administratipovidesa ( EI A)
breakdown of primary energy consumptmut to 2030by both fuel source and sector for all

water heating.Figure1-3 shows that residential energy use for water heating constitutes nearly

80% of all water heating energy consumption. Within residential water heating, the fuels are split
approximately eveglbetween gas and electric, with other (e.g., fuel oil, propane) representing

only 5% of residentialvater heatinggnergy consumption.

2014 AEO (Early Release) Projected Primary Energy
4 Consumption for Water Heating
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Figurel-3: Breakdown of Water Heating Consumption by Fuel and Sector
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1.1.2 BTO Emerging Technologies Prograrvission andGoals

It is the pb of the Emerging Technologi®sogram taacceleratelevelopment of new
technologies to help achiesachenergy savings goal#s defined inits Multi-Year Work Plan
(MYP), BTOO miission isto:

Develop and promote efficient and affordable, environmentally friendly,

technol ogi es, systems, and practices for ou
buildings that will foster economic prosperity, lower greenhouse gas emissions,

and increase natnal energy security while providing the energiated services

and performace expected from our buildings.

As part of this missiorBTO targetsredudng building-relatedprimaryenergy use by 50% by
2030, witha specifigprimary energysavings targedf 37% for water heating19% by 2020) as
discussed in sectiahl1.1, above

In September 201BTO published avater heatingesearch and developmé®&D) roadnap,
developed by Navigant, to provide a pathway to realizing their savings goals in water heating
technologie$.As such, this report is an update to the 2011 report and includes new technology
options that were not available at that tinBI' O updates radmaps periodically to ensure that
they reflect the most upp-date needs of the industry and appropriately reflect changes in their
R&D portfolio. This roadmap update specifically incorporates three new key items:

1 Prioritization tool (P-Tool) i BTO recerly incorporated the Hool into their R&D
planning process and uses it as a key point of comparison between all potential R&D
options across all end uses. See se&i@r®, for additional discussion.

1 New developments in key technology aredsBTO identified four target areas in which
they executed R&D activities since publication of the prior roadmap.

1 Recently developed/commercialized technologiésheat pump tehnologies in
particular have evolved rapidly in recent years, driving a need to reassess needs in the
marketplace.

This roadmap alspresent8TO0 s n e wl y neartermefficientyi aeddost targets for four
different water heating technology ar@assed on analysis for theT®ol):

1 Non-CO, vaporcompressiorheatpump water heateHPWH) i SeeFigurel-4

1 CO,vapor ompression HPWH SeeFigurel-5

1 Nonvapor @mpressiorHPWH i SeeFigurel-6

1 Gasfired HPWHi SeeFigurel-7

Each figure shows the efficienaging theprimary energy factor, as opposed to the typical
Energy Factor (EF) metricThe primary energy factor additionaligcounts for the losses
associged withgeneration/transmission/distribution of electricity for electricitiven hot water

2U.S. Department of Energy, Office of Energy Efficiency and Renewable Erfefgyu i | di ng Technodeagi es Prog
Work Plan 20112015 Accessed September 2, 2054ps1.eere.energy.gov/buildings/publications/pdfs/corporate/myp11.pdf
*iResearch and Development RoadmBpepare®Wwater 8Bekhmy®Rhndgd@ebhnbobr
Navigant Consulting, In¢September 20)1Accessed September 2014

btric.ornl.gov/pdfs/WaterHeatingTechnologiesRoadmap02011 FINAL.pdf
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heaters.For example, a HPWH with an EF of 2.4 will have a primary energy factor of@8/3.
or 0.77, where B96L is the conversion factor between primary sitel energy. A conversion
factor of 3096represents total energy conversion efficiency (including generation and
distribution losses) of ~32%r 1/3096. Thefigures show costs in install@dst premium
(dollars per gallon of firshourrating, FHR) whichis relative to the installed cost aftypical
baseline model using the same fuel as the target technéloggasfired equipment, the
baseline is a typical gdsed storage unit with a FHR of 67 and an installed cost of $945. For
electric equiment, the baseline is a typical electrioagistance storage unit with a FHR of 50
and an installed cost of $660.

Non-CO, Vapor Compression HPWH Targets

16
o 14 0 §
T $12 g
S 12 S e _
B o1 T 10§
& 1 e 3
Y T R — 58 8 ‘g o
u 0.8 --------------------------------- u E
> Geassesansransansees 81 ) SE
s 0.6 0.71 ; T
E :
= 0.4 : E
0.2 :

Notes: 2014 2015 2016 2017 2018 2019 2020 2021

* Primary Energy Factor accounts for electricity system losses, assuming 3.1 site-to-source conversion factor
* Source: Provided by BTO

Figurel-4: Cost and Efficiency Targets for N&Q Vapor Compression HPWH

Tablel-1 shows the underlyindata for NorRCO, vaporcompression HPWHargets.

Tablel-1: Undelying Data for NonCQ Vapor Compression HPWH Targets

Energy Installed First Hour Primary Installed Cost
Factor Cost Rating Energy Factor Premium/EHR
(EB Premium (FHR (PEF
2015 2.2 $750 61.5 0.71 $12.20
2020 2.5 $500 61.5 0.81 $8.10

SourceBTOinternal analysis, assuming $600 (installed cost) electric resistance storage model as baseline

* The 3.1 primanyto-site energy conversion factor is used here for illustratiposes only. The actual conversion factor for a
given installation will depend on local factors such as generation fuel/technology mix.
° Baseline assumptions basedRFO analysis for PTool, using EIA data as the primary basis.
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CO, Vapor Compression HPWH Targets
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* Primary Energy Factor accounts for electricity system losses, assuming 3.1 site-to-source conversion factor
* Source: Provided by BTO

Figurel-5: Cost and Efficiency Targets f@Q Vapor Compression HPWH
Table1-2 shows the underlying data f@&O, vaporcompression HPWHargets.

Tablel-2: Underlying @ta for CQ Vapor Compression HPWH Targets

: Installed Cost Installed Cost
CO2 Vapofompression EF Premium FHR PEF Premium /EHR
2015 2.75 $1000 67 0.89 $14.90
2020 2.9 $800 67 0.94 $11.90

SourceBTQinternal analysis, assuming $600 (installed cost) electric resistance storage model as baseline

Non-Vapor Compression HPWH Targets

16
5 14 14 £
S 12 12 € _
I 0& &
7] v e
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* Primary Energy Factor accounts for electricity system losses, assuming 3.1 site-to-source conversion factor
* Source: Provided by BTO

Figurel-6: Cost and Efficiency Targets fhion-Vapor Compression Technologies

Tablel1-3 shows the underlying data foon-vaporcompression HPWHargets.
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Tablel-3: Underlying Data for No#WVapor Compression HPWH Targets

: Installed Cost Installed Cost
Non-Vapor Compression EF Premium FHR PEF Premium /EHR
2015 1.1 $150 50 0.36 $3
2020 1.6 $200 50 0.52 $4

SourceBTQinternal analysis, assuming $600 (installed cost) electric resistance storage model as baseline

Gas-Fired HPWHs (absorption/adsorption) Targets

16
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B 1 PR mmesil 10a S
g e T e 57 8 8 %
s 0.8 = 6 Ok
S
£ 06 L 22
E o4 2 &
o £
0.2 0
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Source: Provided by BTO

Figurel-7: Cost and Efficiency Targets fGasFired HPWH
Table1-4 shows the underlying data fgasfired HPWHtargets.

Tablel-4: Underlying Data for Gagired HPWH Targets

GasFired HPWH EF Installec_i Cost FHR PEF Insta!led Cost
Premium Premium /FHR

2015 1.2 $750 65 1 $11.50

2020 1.3 $500 70 1.2 $7.10

SourceBTQinternal analysis, assuming $945 (installed cost)fiyed storage water heater as baseline

These targets represent a fipstss at determining realistically achievable goals in each
technology area.

1.1.3 Recent and Current R&D Activities

BTO has been active in water heating R&D for many years; three of the most recent

commercialized water heatingchnologies with whicBTO has been involved include the
GeoSpringelectricheat pump water heater by GRetVertex residential gas condensing water

heater by A.O. Smith, and the Emerson wireless water heater contfojare1-8 describes

each technology and documents the technol ogi e

14 Introduction
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Development Status
Technology Early Stage R&D Field Testing Commercialization MI:an:a z:::?ng
GeoSpring™ Electric Heat 20(19'r 20124\
Pump WH Description: GE launched GeoSpring™ HPWH, in 2012 domestic production begins in Louisville, KY,

creating 100 GE manufacturing jobs and approximately 1000 total US jobs; the unit uses 62% less
energy than standard equipment and pays for itself in a few years.

- N

Vertex™ Residential Gas 2006

Condensing WH Description: A.O. Smith commercialized the high- efficiency condensing gas WH in 2006. The design
uses readily available components and materials that reduce the unit cost premium, while achieving
up to 96% thermal efficiency.

T A

WH Controller Description: Emerson developed a new load control switch specifically designed for electric water
heaters. The design will improve installation times, optimize WH energy efficiency, and provide fault
detection and alert capabilities.

DOE Support: %/////%
Figurel-8: Water Heating Technologies Recently Commalized with DOE Support

Emerson Wireless

BTO has also supported many additional technologies that iatvyet been commertized,
including many with ongoing workFigure1-9 shows a selection of these technologies.

High-
CO2 Heat = CO2 HPWH for SR
Pump Water Pe: ormance | L e Commercial )
Heater AbsOrpRon Applications
Water Heater
& ‘
R )
Gas-Fired
: ; Electro- \_/
Residential el . ' ‘ Thermos
Heat Pump Compressor - A electric HPWH

Water Heater

Images Sources: http://appsil.eere.energy.gov/buildings/publications/pdfs/corporate/rd_breakthroughs.pdf , Introduction
to Sheetak & Heat Pump Water Heaters (provided by DOE), DOE SBIR Xergy Presentation (provided by DOE)

Figurel-9: Selection oBTOSupported Water Heating Technologies
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The following subsections describe some of the R&D conducted BinOgublished the prior
water heating roadmap.

1.1.3.1 Electrochemical Compressor

BTO awarded a Small Business Innaeatin Research (SBIR) gratd thedeveloper of
electrochemical compressdor HPWH applicationsSimulations of the product show a
compressor COP of ~4 achievable as compared2&-3 for high-efficiency,commercially
available HPWH compressordn Phase Ithegrant recipientieveloped theoretechnologyfor

a 50 gallon unitin Phase I(currently underway)theywill create a prototype heat pump hybrid
hot water heater using their electrochemical compréssor.

1.1.3.2 CO, Vapor Compression HPWH

The CQ HPWH projects, conducted undéooperative Research and Dieyenent Agreements

(CRADA), aim to create an ENERGY STAdgualified CQ HPWH. By using C@as the

working fluid, instead of RL34a or other higiglobal warming potential (GWP) refrigerants, the

equi pment 6s vapor compr es s ianbozore gepletiempotential | hav
(ODP) of zero. Further, CAHPWHSs have been shovto provide higher efficiencies and operate

at lower ambient conditions than traditional HPWH in places like Japan where their use is more
widespread.

For commercial equipmernDOE funded ayrant to develop a CAHPWH with 20% better cycle
efficiency than the baseline GBIPWH. Further, this project aimeddevelop control

algorithms that would allow for continual use of the free cooling from the cold side of the heat
pump. Restaurants, hotels, and hospitals benefit from such equipment due to typically year
round space cooling and water heating néeds.

1.1.3.3 Non-Vapor Compression

Thethermoelectric HPWH projestupportsBTO efforts for norvapor compression water
heating. The taegs for this project (currently a phd$&BIR grant) include a COP of 1.1 with
aretail cost of lesshtan $500 for a 50 gallon urfit.

1.1.3.4 GasFired HPWH

BTO awarded ayrant to work on gasfired HPWHin partnership witthe NationaEnergy
TechnologyLaboratory (NETL) Thetargetis an Energy Factor (EF, primary or soufoel
basis) that i2.4 times higher than conventional gas storage water heai®® 1 times higher
than conventional electric heat pump water hedters.

% More informationavailable on the electrochemical compressor SBIRaty.sbir.gov/sbirsearchétail/408804nd
energy.gov/eere/buildings/articles/smalisinesseseceive2-million-advancehvactechnologies

" More information available on G®PWH work at:energy.gov/eere/buildings/carbdioxide-heatpumpwaterheater
researckproject

8 More information available at:
www.recovery.gov/arra/Transparency/RecoveryData/pages/RecipientProjectSummary508.aspx?AwardldSur=113975&Award Ty
pe=Grants

¥ More information available asiceee.org/files/pdf/conferences/hwf/2013/g@kharna.pdénd
www.sbir.gov/sbirsearch/detail/4087.24

19 More information available at:
www.recovery.gov/arra/TranspareriBgcoveryData/pages/RecipientProjectSummary508.aspx?AwardldSur=118923&Award Ty
pe=Grants%2@ndaceee.org/files/pdf/conferences/hwf/2011/3B¥%2RPOGarrabrant.pdf
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file:///C:/Users/wgoetzle/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/D32Y5IYJ/www.sbir.gov/sbirsearch/detail/408804
http://energy.gov/eere/buildings/carbon-dioxide-heat-pump-water-heater-research-project
http://energy.gov/eere/buildings/carbon-dioxide-heat-pump-water-heater-research-project
file://WDC1FLS01/EEPA-AMS/Other%20Projects/170689-03%20-%20DOE%20-%20WH%20R&D%20Roadmap/Deliverables/Final%20Report/www.recovery.gov/arra/Transparency/RecoveryData/pages/RecipientProjectSummary508.aspx%3fAwardIdSur=113975&AwardType=Grants
file://WDC1FLS01/EEPA-AMS/Other%20Projects/170689-03%20-%20DOE%20-%20WH%20R&D%20Roadmap/Deliverables/Final%20Report/www.recovery.gov/arra/Transparency/RecoveryData/pages/RecipientProjectSummary508.aspx%3fAwardIdSur=113975&AwardType=Grants
http://aceee.org/files/pdf/conferences/hwf/2013/7A-pokharna.pdf
http://www.sbir.gov/sbirsearch/detail/408724
http://www.recovery.gov/arra/Transparency/RecoveryData/pages/RecipientProjectSummary508.aspx?AwardIdSur=118923&AwardType=Grants%20
http://www.recovery.gov/arra/Transparency/RecoveryData/pages/RecipientProjectSummary508.aspx?AwardIdSur=118923&AwardType=Grants%20
http://aceee.org/files/pdf/conferences/hwf/2011/3B%20-%20Garrabrant.pdf
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DOE supports additional wik on gasfired HPWH through £RADA betweerDOE, Oak Ridge
National Laboratoryand a CRADAmManufacturingpartner They target an efficiency
improvement of 40% over conventional gaed storage water heaters.

1.2 Technology and MarketScope

BTO R&D focuses on innovative initiatives thetceleratelevelopment of technologies.
However, in select caseéBTO also supports initiatives that can drive innovation broadly
throughout the inddsy and enable future breakthroughs. We define these two types o
technologies as follows, both of whiafe coverin this roadmap:

1 Direct-impact initiatives i R&D that targets technical innovations in a specific
component, system, or type of technology that will directly provide energy savings, e.g.,
development ofimproved heat exchangers for EPWH. See sectiort.2for direct
impact technology initiatives.

1 Enabling initiatives T R&D thatindirectly aids improvements in ergy efficiency
through development of supplementary technologies (e.g., sensors) or thdvagices
in processes (e.g., manufacturingknowledge(e.g., data collectigrthatbenefis many
types of technologies, e.ggvklopment of modeling softwar&ee sectior.3 for
enabling technology initiatives.

This roadmap does natdress early stage science research that is more suitable for the Office of
Science, plate-stage market development activities that may be more suitable for indugtry

the commercial or residential buildings grogsparate from the emerging technologieshin

BTO.

This roadmap covers residential and commercial water heating systems, including the heating
appliance/equipment (all fuel sources), the distribution system, the controls, and any associated
components Figure1-10 shows anon-exhaustiveoverviewof the various technologies covered

in this roadmap in three different categories: Equipment, System Architectui®ypparting
Technologies.

" More information available on GaBired HPWH research anergy.gov/eere/buildings/géised-absorptiosheatpumpwater
heaterresearckprojectandenergy.gov/sites/prod/files/2013/12/f5/emrgtech10_gluesenkamp_040313.pdf
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http://energy.gov/eere/buildings/gas-fired-absorption-heat-pump-water-heater-research-project
http://energy.gov/eere/buildings/gas-fired-absorption-heat-pump-water-heater-research-project
http://energy.gov/sites/prod/files/2013/12/f5/emrgtech10_gluesenkamp_040313.pdf
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Figurel-10: Water Heating Roadmap Technology Scope (Not Exhaustive)

While solar is included in this roadmap, we try to preventoverlapBiittd s r eport fAARese
and Development Needs for Buildihgtegrated Solar Technologiés, lgisined in January of
2014, so solar related activities are not heavily represéhted.

1.3 BTO WH R&D Approach

In working to achieve thBTO energy savings goals (see sectloh.1 abovg, BTO has
developed @awo prongedapproactto supportresearch in emerging water heating technologies,
as illustrated irFigurel-11. The two parallel pathways are:

1. Low-Cost Efficiency 1 Develop new cosgffective water heating solutionsrgeting a
price point that makes efficient water heating attractive to mass maikets support
developnent of nonvapor compressioheat pumpvater heater that is cost competitive
with current baselinelectric storage water heaters but with higher efficiency.

2. Premium Efficiency i Improveperformance ofiltra-high efficiencywater heaters
aimed atustomes willing to pay a premium for high efficiengyoducts E.g.,
improve efficiency of hegbump water heaters.

william Goetzler et. al. fRes draegratdd Saen dT elxehvneol | oopgmeenst. ON eper desp afroe
Navigant Consulting, Inc. January 2014. Accessed September 2, 2014:
energy.gov/sites/prod/files/2014/02/f7/BIST_TedalReport January2014_0.pdf
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http://www.nrel.gov/docs/fy12osti/54799.pdf



http://energy.gov/sites/prod/files/2013/12/f5/ptool_overview_abramson_040213.pdf



http://www.eia.gov/consumption/residential/data/2009/






http://www.energystar.gov/certified-products/detail/high_efficiency_electric_storage_water_heaters
http://www.energystar.gov/certified-products/detail/high_efficiency_electric_storage_water_heaters
http://www.nrel.gov/docs/fy12osti/54793.pdf
http://btric.ornl.gov/pdfs/WaterHeatingTechnologiesRoadmap_9-30-2011_FINAL.pdf


















http://www.nrel.gov/docs/fy08osti/42306.pdf



http://aceee.org/files/pdf/conferences/hwf/2013/6A-garrabrant.pdf
file://wdc1fls01/EEPA-AMS/Other%20Projects/170689-03%20-%20DOE%20-%20WH%20R&D%20Roadmap/Client%20Deliverables/Final%20Report/apps1.eere.energy.gov/buildings/publications/pdfs/corporate/rd_breakthroughs.pdf
http://web.ornl.gov/adm/partnerships/factsheets/10-G01078_ID2389.pdf
http://web.ornl.gov/adm/partnerships/factsheets/10-G01078_ID2389.pdf












http://aceee.org/files/pdf/conferences/hwf/2013/7A-pokharna.pdf












http://techportal.eere.energy.gov/technology.do/techID=1181



http://www1.eere.energy.gov/buildings/pdfs/ghp_rd_roadmap2012.pdf
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